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Abstract

Wind tunnel measurements of performance, loads, and vdoraif a full-scale UH-60A Black Hawk
main rotor with an individual blade control (IBC) system a@mpared with calculations obtained using
the comprehensive helicopter analysis CAMRAD Il and a cedgCAMRAD [I/OVERFLOW 2 analysis.
Measured data show a 5.1% rotor power reduction (8.6% rdftool effective-drag ratio increase) using
2/rev IBC actuation with 2. 0amplitude aju = 0.4. At the optimum IBC phase for rotor performance, IBC
actuator force (pitch link force) decreased, but both flag @mord bending moments did not change much.
CAMRAD Il predicts the rotor power variations with IBC phassasonably well aft = 0.35. However, the
correlation degrades at= 0.4. Coupled CAMRAD I[I/OVERFLOW 2 shows excellent cortéda with the
measured rotor power variations with IBC phase at hoth0.35 andu = 0.4. Maximum reduction of IBC
actuator force is better predicted with CAMRAD lI, but gesldrends are better captured with the coupled
analysis. The correlation of vibratory hub loads is gergnabor by both methods, although the coupled
analysis somewhat captures general trends.

Introduction focused on the potential vibration reduction of an IBC

] system, such as a flight test of an IBC system on a BO-
A full-scale wind tunnel test was recently conducted (March g5 helicopter [3, 4]. With a more powerful IBC system

2009) in the National Full-Scale Aerodynamics Complexyijaple, researchers have begun to investigate poltesttia
(NFAC) 40- by 80-Foot Wind Tunnel to evaluate the potentiaherformance improvement as well as noise and vibration
of an individual blade control (IBC) system to improve rotoreqyctions. Full-scale BO-105 rotor tests conducted in the
performance and reduce loads, vibrations, and noise forp\geac 40- by 80- Foot Wind Tunnel [5, 6] demonstrated that
UH-60A rotor system [1]. This test was the culmination ofyelicopter noise and vibration can be simultaneously reduc
a long-term collaborative effort between NASA, U.S. Army,ny yp to 85% using 2/rev IBC in combination with other IBC
Sikorsky Aircraft Corporation, and ZF Luftfahrttechnik yarmonics. In addition, 2/rev IBC was shown to reduce rotor
GmbH (ZFL) to demonstrate the benefits of IBC for a UHpower by up to 7% at high-speed flight conditions. It should
60A rotor. Figure 1 shows the rotor and IBC system mountefe noted that rotor propulsive force was not trimmed during
on the NFAC Large Rotor Test Apparatus (LRTA). this test. Flight tests of a CH-53G helicopter showed up to

The IBC concept used in the current study replaced the pit&y reduction of effective rotor power using 0°6Z/rev IBC,
link for each rotor blade with an actuator so that the blade ro 2/0ng with reduction in pitch link loads [7].
pitch angles could be changed independently. This design WF

previously tested in the NFAC 80- by 120-Foot Wind Tunne or the current test, propulsive force was included as a trim

in September 2001 at speeds up to 85 knots [2]. For ﬂ}grget and a closed-loop trim control system was implentente

current test, the same UH-60A rotor and IBC system werg aqt_omaﬂcally adjust the fixed-system controls to m_atch
sooecmc rotor trim targets. Thus, the current test provides

tested in the 40- by 80-Foot Wind Tunnel at speeds up T unique resource that can be used to assess the accurac
170 knots. Figure 2 shows the servo-hydraulic IBC actuatgt U"d y

installed between the swashplate and the blade pitch horn and reliability of prediction methods and refine theordtica
“models, with the ultimate goal of providing the technology

The concept of using individual blade pitch control inputdor timely and cost-effective design and development of new
to reduce helicopter vibration, noise, and power has beentors.
extensively studied over the last two decades. Early rebear _ _

Analytical studies on IBC [8-10] have also shown the
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been performed. In recent years, there has been significdatces, together with the rotor pitching and rolling mongent
progress in aeromechanics prediction capability usinghe instrumented flex coupling measures rotor torque and
coupled computational fluid dynamics (CFD) / rotorcrafresidual power-train normal force. The rotor hub loads
computational structural dynamics (CSD) analyses [11, 12had aerodynamic tares (aerodynamic loads measured with
The CFD methods, which use a high fidelity, Navier-Stokegjo blades installed) subtracted to better simulate isdlate
overset grid methodology with first-principles-based wakeotor forces and moments. Both the rotor balance and flex
capturing, overcame the limitations of the conventiorfihly  coupling were designed to measure static and dynamic loads.
line aerodynamics used in rotorcraft comprehensive codealthough only calibrated statically for this program, ridle
Researchers have begun to use these methods to investigdtanges in the measured dynamic loads can still be used to
various active control schemes such as trailing edge flapyaluate the effects of IBC input. Blade loads were obtained
leading edge droop, and active twist [13—-16]. These studiém calibrated strain gages located at specific blade radia
helped provide better understanding of the benefits of uario locations. IBC actuator displacements were measured with
active control concepts and the physics behind them. Agaim-line LVDTs (Linear Variable Differential Transducemid

no in-depth correlation studies have been performed. actuator forces (equivalent to pitch link loads) were meagdu

: . . with calibrated strain gages.
The purpose of this paper is to perform an extensive gag

correlation study of a comprehensive rotorcraft analysid a Data from two different advance ratios were used in thisystud

a CFD/CSD coupled analysis with UH-60A/IBC wind tunnel(see Table 1). At each advance ratio, IBC phase and amplitude
test data. In particular, the focus of this paper is theweeps were conducted using 2/rev IBC inputs, defined as
influence of 2/rev IBC inputs on rotor performance, loadsl an

vibration. 0 =Acos2y — @)

Description of the Test wheref is the IBC equivalent blade pitch, A is the amplitude
oc{f the 2/rev IBC,y is the blade azimuth angle, agds the

. . ) . i phase angle of the 2/rev IBC. It should be noted that the
Wind Tunnel using a Sikorsky Aircraft UH-60A rotor system IBC pitch inputs are derived from the actuator displacement

mounted on the NFAC LRTA. A detailed description of themeasured during the test, and are not the direct measure of

experiment can be found in Ref. 1, including Informatlorblade pitch at the spherical bearing. Because of contrtdsys

on the test hardware, instrumentation, data acquisitich arp . """ :
reduction systems, rotor control systems, and standatd tEIeX'b'I't'es’ actual blade pitch changes due to IBC can be

procedures. Information pertinent to the current study i ifferent than a simple geometric calculation may suggest

provided below. For the test conditions considered in this study, the rotas w

The rotating hardware was predominantly UH-60A flighttrimmed to non-dimensional rotor lift, propulsive forcedan

hardware, with the exception of the instrumentation hat anIEiUb rolling moment, with the rotor shait angle of attack fixed

those components necessary for IBC actuator operation. ere hub pitching moment was not controlled or used for

addition, the normal UH-60 bifilar weights were not instdlle leedbacld<. Th,ehIE;C actuatorlmoéion v;ashcontrolled ir|1| open-
so the effects of IBC on vibration could be studied in isolati 9P M0de, with the IBC amplitude and phase manually input
The UH-60A is a four-bladed rotor with coincident flap andby the operator. The rotor was automatically re-trimmedwit

lag articulation provided at the blade root by elastomerig’aCh IBC input_ i_n orde_r to ensure the rotor was pperating at
bearings. This bearing, through the rotor spindle, alsov| the same conditions with and without IBC excitation. Detail

for blade pitch motion. As stated earlier, the normally digi on this automatic trim control method can be found in Ref. 18.

pitch links were replaced by servohydraulic IBC actuators f Test gata were averaged over 128 rotor revolutions and each

this test. These actuators allowed the pitch of the rotaddsa 45t set was sampled at a rate of 256 samples/rev (abSut 1.4
to be changed independently of each other. Referencesgsolytion).

and 17 provide a full discussion of the actuator charadtesis

the automatic emergency shutdown feature, the development o .

program, qualification testing, and the installation ortte t Description of Analytical Methods
LRTA.

The experiment was conducted in the NFAC 40- by 80-Fo

i , The analytical results were obtained using the
The primary test measurements used for comparisons &mprehensive analysis CAMRAD Il and coupled

this paper include static and dynamic hub loads, rotosaApMRAD II/OVERFLOW 2. A description of each
power, blade loads, IBC actuator displacements, and 1BQGathod is provided in this section.

actuator forces. The hub loads and rotor power were
obtained from the LRTA five-component balance and flex
coupling. The balance measures rotor normal, axial and side



CAMRAD 11 between the rotor and the farfield boundary located 5 rotor
) ] ] radii from the hub. The OVERFLOW 2 model did not include
CAM_RAD II"is an aeromechamcs analysis of rotorcra_fta hub, the LRTA test module struts, or wind tunnel walls. All
that incorporates a combination of advanced technologiegyids exchanged flow information in regions of overlap atrthe
including multibody dynamics, nonlinear finite elementstacas This grid system is illustrated in Fig. 3. The model

and rotorcraft aerodynamics [19].  CAMRAD Il has ¢ontained 4.5 million points, 1.9 million points in the near
been used extensively for correlation of performance ang,qy and 2.6 million in the off-body.

loads measurements of the UH-60A in various flight
conditions [20—23]. The near-body grid representing the bulk of each rotor blade

. ) ... . had a C-H topology with 125 points wrapping around the
The aerodynamic model is based on second-order lifting I|_ ade chordwise, 82 points along the blade span, and 33

t_h(_aory _[24]' The_blade section aerodyn_amic modeling IrEJoints normal to the surface. The initial spacing at the élad
lifting line theory is unsteady, compressible, viscous flow,itace had a value of 2. The finest off-body grid had a
about an infinite wing in a uniform flow consisting of ag,5¢ing of 0.2 tip-chord lengths in all three directions. By
yawed freestream and wake-induced velocity. This problef o measures this is a very coarse grid system. However,
is modeled within CAMRAD I as two-dimensional, steady,q,arience has shown that this coarse grid system yields mor
compressible, viscous flow (alrf0|l_tab|es), plus corrent accurate performance prediction than finer grid systentifier t
for swept and yawed flow, spanwise drag, unsteady l0adge,metry. Furthermore, the high advance ratios investibat
and dynamic stall. The wake modeling of lifting line theoryhere reduce the need for accurate wake capture. Finally,

is. an !ncompressible vortex wake behind the lifting ”ne,the reduced computational effort permits the simulatiom of
with distorted geometry and rollup. The wake analys'?argernumberof flight conditions.
p

calculates the rotor nonuniform induced velocity. The ti

vortex formation is modeled. OVERFLOW 2 required approximately 12 minutes to

advance the solution 1/4 rotor revolution using this

In_ this wqu, an |§olated rotor is modeled as a flexible blad%onfiguration and 64 CPUs on an SGI ICE computer.
with nonlinear finite elements. A dual-peak free wake mode

is used for rotor analysis. Coupled Analysis of CAMRAD |1/OVERFLOW 2

OVERFLOW 2 CAMRAD II uses a lower-fidelity aerodynamics model than

All Navier-Stokes CFD analysis presented herein wal'at available in modem CFD codes, and most CFD codes
performed using OVERFLOW 2 version 2.laa [25].Iack the soph_lstlcated .(;(.)mputatlonal Structpral Dynam_lcs
OVERFLOW 2 is an overset, structured-mesh flow solvefCSD) and trim capabilities of comprehensive codes like
developed at NASA. For two decades the OVERFLOW-AMRAD II. Coupling a CFD code (e.g. OVERFLOW 2)

solver has served to analyze a variety of rotorcraft under® 2 comprehensive code (e.g. CAMRAD Il) marries_ the
wide range of flight conditions [26]. strengths of the two approaches and produces the highest-

fidelity solution currently possible.

OVERFLOW 2 offers a wide variety of numerical schemes, _ o _ _
turbulence models, and boundary conditions.  For thgor this study, coupling is achieved by alternate execution
present study, OVERFLOW 2 was run with 2nd order centrtf OVERFLOW 2 and CAMRAD II. At the end of each
differencing and 4th order artificial dissipation in spaceC0d€’s turn to execute, it passes data to the next code.
Time marching was performed using a 2nd order dual® data passed from OVERFLOW 2 to CAMRAD Il is
timestepping scheme. Turbulence was modeled near blagiload data integrated from its Navier-Stokes model of
surfaces using the Spalart-Almaras one-equation moded. TH€ UH-60 rotor.  This airload data is used to replace
turbulence model was deactivated in regions one-chordteng®AMRAD II's internal aerodynamics model (which consists
or further from the rotor blades. Blade surfaces wer@f airfoil tables and a lower-order wake model). At the
modeled as viscous, adiabatic walls; outer boundaries wef8d Of its execution, CAMRAD I generates updated control

modeled using a characteristic condition imposing freestr POsitions and a description of how the blade deforms as
quantities. it revolves around the shaft. These quantities are used to

give OVERFLOW 2’s grids a realistic motion in response
OVERFLOW 2 computes the flowfield by discretizing theto the aerodynamic environment. This algorithm, called
Navier-Stokes equations on a series of overset, structurdte delta coupling technique, was pioneered by Tung et
grids. Grids modeling the rotor blades were body-fittedl. [27] and implemented in OVERFLOW 2 by Nygaard et
and curvilinear. These grids, often called near-body gridsl. [28]. Significantly improved airloads prediction cagip
extended approximately one-chord length from the bladeas demonstrated for the UH-60A rotor (without IBC) using a
surface. The near-body grids were nested in a series lwosely coupled CAMRAD II/OVERFLOW-D in steady level
Cartesian grids, called off-body grids, which filled the spa flight conditions by Potsdam et al. [11].



Inputs for uncoupled CAMRAD Il runs were identical to1.5° at p = 0.35 and 1.0 1.5, 2.0°, 2.5 at u = 0.40.
inputs used for coupled CAMRAD Il runs with a singleIBC phase angles vary from 15@0 300 at 15 intervals.
exception. For coupled calculations, the CAMRAD |l wakeThe measured rotor power with IBC was compared with the
model was switched from a free wake model to unifornbaseline (no IBC) values. The test conditions and trim t&rge
inflow. The choice of CAMRAD Il wake model has no are summarized in Table 1. Rolling mome@y /o) is
impact on the accuracy of the resulting simulation becaugmsitive starboard down and rotor shaft angle) (is positive
the coupling algorithm is designed to replace the wake modatft tilt. It should be noted that the propulsive forcquat 0.4
with a full CFD simulation. Selecting uniform inflow as theis smaller than that gt = 0.35 because of control limitations.
CAMRAD Il wake model speeds calculations and prevents

crosstalk between the CAMRAD |l wake model and the CFdn general, the measu_red data show smooth trends. Egch
analysis from destabilizing the coupling process. plot has the same vertical range (0.0015) so that the relativ

variations can be easily compared. The data show that
Convergence of the coupling process was determined ltige 2/rev IBC actuation reduces main rotor power with
monitoring blade airloads for periodicity. When the aidisa proper phases and the power reduction increases as airspeed
did not vary significantly from one coupling iteration to theincreases. Optimum phase was 225 both advance ratios.
next, the solution was judged to be converged. For th€he largest power reduction was obtained with bottt Asid
present analysis, this generally occurred after 24 cogplin2.0° IBC amplitudes aj1 = 0.40.
iterations. Since OVERFLOW 2 was allowed to iterate for .
1/4 revolution between coupling exchanges, this equatés toM_"’"n
full revolutions for the converged solution. A fully congsd th
coupled solution required approximately 5.5 hours to cot@pu
on 64 SGI ICE processors.

rotor power variations were calculated
CAMRAD Il alone and coupled
CAMRAD IlI/OVERFLOW 2 and the results were compared
with the measured values (Figs. 6 and 7). The phase angles
used for the CAMRAD Il analysis were fronf Qo 330 at
Visualization of the wake for the coupled analysigiat 0.40 an interval of 30. For the coupled analysis, five IBC phase
is shown in Fig. 4. The blade surfaces are colored by pressuragles were are used: 150195, 225, 255, and 300
coefficient and the wake is depicted by an iso-surface of dpecause the computation is expensive.
criterion. Two distinctive vorticities from the blade tima
near the sweep break are noticeable. Detailed airloadbwill
shown in a later section.

Figure 6 compares the calculated main rotor power and its
variations with respect to baseline (no IBC) with the meadur
values afu = 0.35. There is a substantial difference between
Trim Conditionsfor Analysis the calculations and measurements in terms of absolute

power as shown in Fig. 6(a). CAMRAD Il underpredicted

The trim parameters used in the predictions were the samje, paseline power by 3% and CAMRAD II/OVERFLOW 2
as those from the test, including non-dimensional rotdy lif overpredicted it by 8% as shown in Fig. 6(a).

propulsive force, and hub rolling moment. In addition, hove

tip Mach number, advance ratio, shaft angle of attack, anthe calculated main rotor power variation in terms of
IBC displacement (magnitude and phase) were specifieth change from the baseline is compared with the measured
A wind tunnel wall correction, in the form of an inducedvalues in Fig. 6(b). The calculated variations are refetced
angle correction, was used to correct the measured rotpr lifach method’s respective baseline (no IBC) values. The test
propulsive force, and shaft angle [29]. The test conditiongata show that the power reduction is as much as 3.4% with
shown in Table 1 are corrected values. the IBC phase of 225 This is equivalent to 5.8% increase

in rotor lift to effective-drag ratio. CAMRAD Il shows
reasonably good correlation with the measured variation of
data in magnitude. However, the curve is shifted to the
gft compared to the data. CAMRAD II/OVERFLOW 2

Results and Discussion

In this section, selected data from the wind tunnel test all o .
presented and then compared with predictions from the t ows excellent correlapop in terms of both the magmtude
analysis methods. These test data include rotor perforeyan@"d Phase of the variation. ~The calculated maximum
IBC actuator force, blade bending moments, and vibratokPWer reductions are 2.7% with the IBC phase of 2fdr
hub loads both with and without 2/rev IBC inputs. TheCAMRADIII and 3.6% with the IBC phase of 225for
test conditions evaluated were those that demonstrated tﬁ@MRAD I/OVERFLOW 2.

greatest benefit of 2/rev IBC for performance improvementigure 7 compares the calculated main rotor power variation
and include data at various IBC amplitudes and phase anglggth the measured valuesjat 0.40. IBC amplitudes are 0
1.5°,2.0°, and 2.8. The test data are the same as those shown
in Fig. 5(b), except that the power variations are plottede T
Figure 5 shows the effects of 2/rev IBC on main rotor powetest data show that the 2.(BC actuation reduces main rotor
at the advance ratios of 0.35 and 0.40. IBC amplitudes apower up to 2.9% with the IBC phase of 240L.5 IBC

Rotor Performance



actuation up to 5.1%, 2°dBC up to 5.1%, and 25IBC up  delta torque and pitching moment show similar trends to the
to 4.4% with the IBC phase of 225These are equivalent to coupled results. However, the magnitudes are substantiall
4.7%, 8.6%, 8.6%, and 8.0% increase in rotor lift to effestiv reduced. Note that the range &€Cq/0 is 1/5 the delta for
drag ratio. Again, the calculated variations are refered tthe coupled analysis, although all the other quantities are
each method’s respective baseline (no IBC) values. In ternpdotted to the same ranges as the coupled results. The smalle
of absolute power, CAMRAD Il underpredicted the baselingelta pitching moment predicted by CAMRAD Il creates
power by 8% and CAMRAD II/OVERFLOW 2 overpredicted smaller elastic twist of the blade, and thus smaller deltagro

it by 4%. CAMRAD Il shows worse correlation than atcompared to the coupled analysis.

pn=0.35 and significantly underpredicts the benefit of IBC

in rotor power reduction. The calculated maximum powelBC actuator and bladeloads

reduction of 2.3% occurs with I°5BC actuation at 210

In this section, IBC actuator force (pitch link force), fla
IBC phase. Again the curve is shifted to the left compareé1 ! ! " (pi ! ) P

ending moment, and chord bending moment are examined
to the data. CAMRAD II/OVERFLOW 2 shows excellentforthe o/rev IBC conditions evaluated above.

correlation in terms of both the magnitude and phase of the

variation. The maximum power reduction predicted by theigure 10(a) compares the measured IBC actuator force at
coupled analysis are 3.5%, 4.5%, 5.1%, and 5.4% with IBGarious IBC phases with the baseline (no IBC) values at
amplitudes of 1.9, 1.5, 2.0°, and 2.3. p=0.35. Steady values are removed from the test data so

In order to better understand the physical mechanis;rtrh1at only oscillatory components are compared. There are

behind the rotor performance gains due to 2frev IB significant variations of IBC actuator force as IBC phase

as well as the difference between CAMRAD Il andvanes, especially in the second quadrant.

coupled CAMRAD II/OVERFLOW 2 predictions, rotor The calculated peak-to-peak IBC actuator force variataes

aerodynamics calculated with the two analyses are examing@mpared with the measured values in Fig. 10(b). Test data

. . how a maximum 24.0% reduction of IBC actuator force with

Figure 8 shows the calculated rotor blade section 10° IBC phase. At the optimum phase of 226 rotor

E(Xmlik[)f(?lr/(é)e\,/ERtlgTou\i’/ > a::du :plg:TS g _Ir_r;](;mtir;t rov\\ll\;thperformance, the peak-to-peak IBC actuator force is redluce
.40. 0 .

shows the baseline (no IBC) results, the second row shov% i(}/(.)Gv(/oiihTthheecﬁlaké:mSLe:sleB; E;C;l&%tfgzﬁzfg lillcgcr)]r;s are

g:ﬁ I:'?us duelztsancabt;lzr%edhav;/g? ;hn% ?hp;IThl?:g rlc?wc S;?gx; t(ﬁe33.9% with the IBC phase of 195or the coupled analysis.
P P ' Although the maximum reduction of IBC actuator force is

difference between the two results. At this high spee . .
flight condition, the airloads in the blade tip region aregzttgrgéeﬁ;fﬁﬁewé?uC{:g/laRrg[I) Isli,sgeneral trends are better
characterized by negative lift at the end of the first quadran P P ysIS.

and the beginning of the second quadrant. This negativi lift Figure 11 compares the measured IBC actuator force with
pitch angle generated by the IBC with 22Bhase (2/rev gmplitudes apt = 0.40. The trends are very similar to the

IBC with 225’ phase generates blade pitch motions that hayg= 0,35 results. There are larger variations in amplitude as
positive peaks at azimuth angles of 112&d 292.5 and  the |BC amplitude increases.

negative peaks at azimuth angles of 22abd 202.8). This

pitch angle increase also increases blade pitching moment.The calculated peak-to-peak IBC actuator force variatares
small increase in lift is also observed in the third quadrantompared with the measured values in Fig. 12. Test data show
again near the blade tip region. Reduction of lift is obsdrvea maximum 17.7% reduction of IBC actuator force with 255

in the first quadrant and the front of the rotor disk to maimtai IBC phase for 1.01BC amplitude. The maximum reduction
constant lift. Blade sectional torque shows 2/rev variaio of IBC actuator force decreases as IBC amplitude increases
closely matching the IBC input. Torque reductions arend the phase for the maximum reduction decreases as well.
observed in the first and third quadrants and torque increaéé the optimum phase for rotor performance, IBC actuator
is observed in the fourth quadrant. In the second quadraifiorce is reduced by 11.3% to 15.7% for the IBC amplitudes
torque is reduced near the blade tip, but increased on thested.

inboard part of the blade. Overall, torque is reduced. .
The CAMRAD Il calculated IBC actuator force reductions

Figure 9 shows the calculated rotor blade sectional normate from 15.4% with the IBC amplitude of .6 27.3% with
force, torque, and pitching moment with CAMRAD Il at the IBC amplitude of 2.5 The reductions of IBC actuator
K= 0.40. The baseline (no IBC) results show the same genefalce predicted by CAMRAD Il begin at substantially earlier
trends as the coupled results, but the magnitudes of negatphase angles for all the IBC amplitudes examined. The
lift and pitching moment are smaller. The delta lift showsCAMRAD II/OVERFLOW 2 calculated IBC actuator force
similar magnitude and trend to the coupled results. Theeductions are 25.0% with the IBC amplitude of 1.®



37.8% with the IBC amplitude of 2°5 Again, the maximum Summary of Correlation

reduction of IBC actuator force is better predicted with

CAMRAD I1, but general trends are better captured with the "€ €ffects of 2/rev IBC on measured and predicted rotor
coupled analysis. performance, IBC actuator force, blade bending moments,

and vibratory hub loads at optimum phase are compared in

Figure 13 compares the measured flap bending momemple_z' The changes are expressed in terms of the percentage
at 30%R with the various IBC phases for two different/ariations from the baseline (no IBC) results.

IBC amplitudes (1.0 and 1.8) at p = 0.4. Due to

an instrumentation problem, data were not available at Conclusions

higher IBC amplitudes. In general, the variation is very

small. However, the minimum peak around azimuth ofyind tunnel measurements of the performance, loads,
170’ increases and maximum peak around azimuth of27Qnd vibration of a full-scale UH-60A Black Hawk main

decreases at the same time, and thus the peak-to-peglor with an individual blade control (IBC) system
variations are about 10% for the 2.@nd 18% for the 1.5 are Compared with calculations obtained using the
IBC amplitude for the IBC phases tested as shown in Flg 1éomprehensive he”copter ana|ysis CAMRAD Il and
Atthe optimum phase for rotor performance, the peak-td«peaoupled CAMRAD II/OVERFLOW 2 analysis. In particular,
flap bending moment at 30%R decreases by 5.1% and 5.4%mparisons are made for a range of 2/rev IBC input

for the IBC amplitudes of 190and 1.5, respectively. Both amp"tudes and phases at two advance ratios.
CAMRAD Il and CAMRAD II/OVERFLOW 2 are unable to
capture either magnitude or trend. From this study the following conclusions were obtained:

Measured data show a 5.1% rotor power reduction (8.6%
or lift to effective-drag ratio increase) using 2/revGB
actuation with 2.0 amplitude aty = 0.4. At the optimum
SBC phase for rotor performance, IBC actuator force (pitch

eak-to-peak maanitude of chord bending moment decrea link force) also decreased, but both flap and chord bending
P P gnitude o INg mom ments remained unchanged. Vibratory hub loads were
for the IBC phases investigated as shown in Fig. 16. At thg o

. ignificantly affected.

optimum phase for rotor performance, however, the peak-to-
peak chord bending moment at 40%R increases by 0.3% apICAMRAD Il predicts the rotor power variations with IBC
1.3% for the IBC amplitudes of 1°Cand 1.5, respectively. phase reasonably well at= 0.35. However, the correlation
The coupled analysis shows reasonably good correlation gegrades gt = 0.4. The benefit of IBC in rotor performance
to the IBC phase of 225however, it is not able to capture theis substantially underpredicted.
downward trends after that.

Figure 15 compares the measured chord bending momentrlé{
40%R with the various IBC phases for two different IBC
amplitudes aft= 0.4. In general, the variation is small and th
only noticeable variation occurs around azimuth 223 he

3) Coupled CAMRAD II/OVERFLOW 2 shows excellent
Vibratory Hub Loads correlation with the measured rotor power variations wRic
phase at botlu = 0.35 andu = 0.4. Both maximum power

Figure 17 shows the measured 4/rev hub load variation witfgduction and optimum phase are accurately predicted.

IBC_phase fou=0.4. 2/rev IBC hasoa signifi(_:ant influence4) 2/rev IBC inputs with optimum phase increases blade
on vibratory hub loads. More than 90% reduction of 4/rev hulg i |ift at the end of the first quadrant and the beginning

normal force with 1.51BC amplitude and 300IBC phase iS¢ 1he second quadrant by eliminating negative lift near the
noteworthy. 4/rev hub normal force; axial force (i), and  p|5qe tip, and decreases lift in the first quadrant and the
pitching moment (M) decrease as the IBC phase increaseg,nt of the rotor disk. Blade sectional torque shows 2/rev

while 4/rev hub side force {f) and rolling moments (M) ariations, closely matching the IBC input. Torque redoresi

increase as the IBC phase increases. The same trends gle ,pserved in the first and third quadrants and torque
observed with different IBC amplitudes. At the optimum;,.eaqe is observed in the fourth quadrant. In the second
phase of 225 for rotor performance, vibratory hub normal quadrant, torque is reduced near the blade tip, but incdease

force decreases by 27.3%, hub axial force by 26.5%, ang, ie inpoard part of the blade. Overall, torque is reduced.
hub pitching moment by 16.2%. However, vibratory hub side

force increases by 29.2% and hub rolling moment by 36.3%5) Measured data show that 2/rev IBC inputs reduce IBC

actuator force (pitch link force) by 24% at= 0.35 and up
Figure 18 compares the calculated vibratory hub loatb 17.7% aty = 0.40. The IBC inputs for optimum rotor
variations with the measured values far= 0.4 and IBC performance also reduce IBC actuator force. The analyses
amplitude of 1.8. The correlation of vibratory hub loads show that the maximum reduction of IBC actuator force is
is generally poor by both methods, although the couplebetter predicted with CAMRAD II, but general trends are
analysis somewhat captures general trends. better captured with the coupled analysis.



6) Measured flap and chord bending moments show5] Jacklin, S. A., Blaas, A., Teves, D., and Kube,
about 10 to 15% reductions in peak-to-peak magnitude

for the IBC phases investigated.

At the optimum IBC

phase for rotor performance, both flap and chord bending

moments did not change much.

Both CAMRAD Il and

CAMRAD II/OVERFLOW 2 are unable to capture peak-
to-peak flap bending moment variations in terms of both[6] Jacklin, S. A., Blaas, A., Swanson, S. M., and Teves,

magnitude and trends. The coupled analysis shows reagonabl

good correlation of chord bending moment variations up ¢o th
IBC phase of 225.

7) Measured data show that 2/rev IBC has a significant
influence on vibratory hub loads. 4/rev hub normal force,
axial force, and pitching moment decrease as the IB(7] Arnold, U. T. P.,, “Recent IBC Flight Test Results

phase increases for the IBC phases investigated and 4/rev

hub side force and rolling moments increase as the IBC

phase increases.

The correlation of vibratory hub loads

is generally poor by both methods, although the coupled

analysis somewhat captures general trends.
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Table 1: Rotor trim and test conditions investigated.

RunNo. p G/o Cx/o Cu/O Os
Run99 0.35 0.077 0.0092 -0.00092 -694
Run117 0.40 0.077 0.0085 -0.00131 -825

Table 2: Effects of 2/rev IBC on measured and calculated fméoformance, loads, and vibration at optimum phase.

pu=0.35 p=0.40
IBC amplitude 15 1.0 1.5 2.0 2.5
Test
Optimum IBC phase for performance 225 240 225 225 225
Power change -34% -29% -51% -51% -4.4%
Peak-to-peak IBC actuator force change-21.6%  -15.7% —12.3% -12.5% -11.3%
Peak-to-peak FBM @30%R change —-51% -5.4%
Peak-to-peak CBM @40%R change 0.3% 1.3%
4/rev hub normal force —27.3%
4/rev hub axial force —26.5%
4/rev hub side force 29.2%
4/rev hub rolling moment 36.3%
4/rev hub pitching moment —-16.2%
CAMRAD Il
Optimum IBC phase for performance 210 240 210 210 210
Power change —27% —-20% -23% -19% -1.6%
Peak-to-peak IBC actuator force change-27.4% —-15.4% —-19.6% —-22.9% —20.8%
Peak-to-peak FBM @30%R change 3.1% 2.1%
Peak-to-peak CBM @40%R change —2.9% —6.9%
4/rev hub normal force 18.8%
4/rev hub axial force 9.2%
4/rev hub side force 22.7%
4/rev hub rolling moment 1.6%
4/rev hub pitching moment 21.9%
CAMRAD II/OVERFLOW 2
Optimum IBC phase for performance 225 22% 225 225 225
Power change -36% -35% —-45% -51% -54%
Peak-to-peak IBC actuator force change-30.3% —25.0% —29.8% —38.4% —22.3%
Peak-to-peak FBM @30%R change —-14.1% -15.5%
Peak-to-peak CBM @40%R change —50% —-7.4%
4/rev hub normal force —31.5%
4/rev hub axial force —-11.7%
4/rev hub side force —11.6%
4/rev hub rolling moment —7.4%
4/rev hub pitching moment 22.8%




Fig. 1: UH-60A rotor system installed on the Large Rotor Ragparatus in the NFAC 40-by 80-Foot Wind Tunnel.
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(a) IBC actuator schematic.

(b) IBC actuator installed on UH-60A rotor.

Fig. 2: IBC actuator.
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Fig. 3: Overset grid system for OVERFLOW 2 simulations. Bvether point shown. Blade grid (blue), tip cap (green), root
cap (red), off-body grids (gray).

Fig. 4: Wake geometry and blade surface pressyres).40.
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